Abstract. The entorhinal cortex and hippocampus are the first cortical regions to be affected by the degenerative cellular process that leads to Alzheimer disease (AD) and display a limited degree of neuronal alterations in normal aging. Several quantitative studies have reported a substantial loss of neurons in these regions and a parallel increase in the number of neurofibrillary tangles (NFTs). However, accurate quantitative data on the dynamics of NFT formation are lacking. Here, we performed a stereologic assessment of the proportions of intracellular and extracellular (ghost) NFTs (iNFTs and eNFTs, respectively) and unaffected neurons in layer II of the entorhinal cortex and in the pyramidal cell layer of the CA1 field of the hippocampus in elderly control cases compared to cases with varying degrees of cognitive dysfunction. The data revealed differential rates of formation of iNFTs and eNFTs between the 2 regions and confirmed the presence of a severe diseaseassociated, but not age-related, neuronal loss. They also revealed that large numbers of neurons may persist either unaffected or in a transitional stage of NFT formation until the late stages of AD progression. These neurons with viability potential constitute 73% of the total numbers of profiles in layer II of the entorhinal cortex and 77% in the CA1 field in cases with a Clinical Dementia Rating score of 3. Whereas it is not possible in the present study to assess how functional such neurons with altered physiology might be, it is nonetheless likely that these transitional neurons open new options for potential therapeutic interventions aimed at protecting neurons vulnerable to neurofibrillary degeneration.
INTRODUCTION
In Alzheimer disease (AD), neuronal degeneration is not only represented by neuron and synapse loss in specific cortical and subcortical areas, but also by neuropathologic lesions such as neurofibrillary tangles (NFTs) and senile plaques that are a prerequisite for the neuropathologic diagnosis of the disease (1). However, whereas NFTs and senile plaques are both reflective of cellular pathology and as such are abnormal, their presence may not be sufficient to account for the dementia of AD (2) . NFTs and senile plaques are also present in cognitively normal aged individuals, however, in AD the distribution and density of NFTs and senile plaques suggest a major disruption of the hippocampal and neocortical circuitry (3) (4) (5) (6) (7) (8) . While it is a commonly held notion that widespread neuron death in the neocortex and hippocampus is an inevitable concomitant of normal brain aging, recent quantitative studies suggest that neuron death is actually very restricted topographically in normal aging and unlikely to account for age-related impairment in neocortical and hippocampal functions (9) (10) (11) (12) (13) (14) (15) (16) (17) . There are important qualitative and quantitative differences between aging and AD with respect to neuron and synapse loss, but age-related changes in functional and biochemical attributes of hippocampal circuits have been described in a nonhuman primate model that might mediate memory decline in the absence of neuron death (18, 19) . This suggests that age-related memory decline may have multiple neurobiological causes, some of which may not involve frank degeneration or neuron loss, and thus are unlikely to represent the early stages of AD.
With respect to AD as well as aging, the single most vulnerable circuit in the cerebral cortex is the projection referred to as the entorhinodendate component of the perforant path that originates in layer II of entorhinal cortex and terminates in the outer molecular layer of the dentate gyrus (20) (21) (22) . The entorhinal cortex is a region of extraordinary convergence of inputs from association cortex, essentially funneling highly processed neocortical information into the dentate gyrus of the hippocampus, and thereby playing a crucial role in memory (23, 24) . This circuit is eventually devastated by extensive NFT formation in AD, and it has been reported that in severe AD up to 90% of the neurons in layer II of entorhinal cortex are lost as judged by total neuron counts of Nissl-stained NA  29  29  28  26  26  15  15  13  12  10  12  11  10  0  0  0   I  I  III  III  III  III  I  IV  III  VI  VI  V  V  V  VI  IV  VI Demographic and clinical data on the 17 cases analyzed in this study. M, man; W, woman (ratio 5/12). The mean age (Ϯ SD) of men was 84.4 Ϯ 5.5 years and that of women 87.0 Ϯ 9.2 years. PMI, postmortem interval (6.4 Ϯ 2.9 hours across the cases). NA, not available: this patient died within the 24 hours following admission to the hospital from cardiovascular complications and the MMSE could not be administered. materials (10) . In fact, even the earliest stages of AD as defined by a Clinical Dementia Rating (CDR) score of 0.5 involve extensive (up to 50%) neuron loss in layer II of entorhinal cortex (10) . In such Nissl-based studies of neuron numbers, neurologically normal elderly individuals displayed no neuron loss in any layer of the entorhinal cortex (10) . However, qualitative data indicate that many neurons in transition to forming NFTs in layer II of entorhinal cortex in such cases would remain Nissl stain-positive and thus have been counted (25) . In addition, both neurologically normal and mild AD cases have no detectable neuron loss in the temporal neocortex, in agreement with several studies demonstrating that normal or mildly impaired aged individuals do not have significant NFT formation in neocortical areas (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . This is in striking contrast to cases with definite AD, where NFTs are present throughout association cortices with particularly high densities in prefrontal and temporal cortices (8, 35) . In this context, it is important to determine the severity of neurofibrillary degeneration that represents early AD in comparison to age-related, asymptomatic neurofibrillary pathology as well as to cases with definite AD. Such an analysis, performed using a robust stereologic approach, may help distinguish between degenerative and nondegenerative causes of mild cognitive impairment and allow for the identification of possible progressive, dynamic changes in specific neuronal subpopulations that exhibit higher vulnerability to NFT formation.
The issue of proportional estimates of intracellular NFT (iNFT) versus extracellular NFT (eNFT) numbers and their relationships to total numbers of neurons, cell loss, and other clinicopathologic parameters has rarely been addressed by rigorous stereologic studies (36) . Rather, most studies have reported total number of cells and total numbers of NFTs without distinguishing between intracellular and ghost forms (10, 11, 37, 38) . In the present study, we report such a stereologic analysis of the progression of neurofibrillary pathology in layer II of the entorhinal cortex and the pyramidal cell layer of the CA1 field of the hippocampus in a series of brains from prospectively assessed elderly patients with cognitive impairment that varied from none to severe. The CA1 field was selected as a region that is affected early and severely by NFT formation in AD and that is located downstream to the medial perforant path input from the entorhinal cortex to the dentate gyrus (23, 24, 30) . Total number of Nissl-stained neurons, neurons containing an iNFT, and eNFTs were estimated using an optical fractionator approach and proportions of normal and transitional (or ''persisting'') neurons, as well as estimates of the original total population of neurons and of neuronal loss were calculated.
MATERIALS AND METHODS
The brains from 17 elderly patients, presenting with cognitively normal aging or with variable degrees of cognitive impairment were obtained at autopsy. The clinical data were obtained from the medical records of the patients and the neuropathological evaluation from the Division of Neuropathology, Mount Sinai School of Medicine, New York, and the Department of Geriatrics and the Divisions of Neuropsychiatry and Psychogeriatrics, University of Geneva School of Medicine, Geneva, Switzerland (Table 1 ). All cases had undergone neuropsychological assessment within the last 6 months prior to their death and a Mini-Mental State Examination score (MMSE, [39] ) was available for all of them except one ( Table  1) . The cases were further classified based on comprehensive postmortem chart reviews in 5 groups according to their cognitive performance and daily living abilities as reflected by the Clinical Dementia Rating score (CDR, [40, 41] ; CDR 0, n ϭ 3, mean age ϭ 83 yr; CDR 0.5, n ϭ 3, mean age ϭ 77 yr; CDR 2, n ϭ 5, mean age ϭ 88 yr; CDR 3, n ϭ 4, mean age ϭ 88 yr; CDR 5, n ϭ 2, mean age ϭ 93 yr). In all of the cognitively impaired cases, AD severity was further confirmed by the presence of numerous NFTs and neuritic alterations in the hippocampal formation and neocortex using the Braak and Braak staging system (42) , as well as in several subcortical nuclei, and by the presence of senile plaques and amyloid deposits (43) . All procedures involving the use of postmortem human brain were conducted after written consent of the next of kin was obtained and were approved by the relevant ethics committees at the University of Geneva School of Medicine and the Mount Sinai School of Medicine.
All brains were hemisected at autopsy (postmortem delay 2-11.5 h), and the left hemispheres were fixed in 4% paraformaldehyde for up to 2 wk. The entire hippocampal formation and parahippocampal gyrus were dissected out, placed in phosphate buffer, and blocked at regular intervals using a specially designed multi-blade knife (44) . This knife is composed of a series of disposable microtome blades secured with brass machine screws and separated by washers of variable size depending on which slab thickness is appropriate. Typically, this results in a total of 9 to 12 blocks in the human hippocampus, comprising its entire rostrocaudal extent and therefore representing an exhaustive sample (44) . The slabs were numbered in order, taking note of the rostral surface of each block. Alternate blocks were either processed for paraffin embedding or were processed in 18% sucrose and cut on a Vibratome. A random number determined whether the odd numbered or even numbered blocks would be subjected to Vibratome sectioning or be available for paraffin embedding. The paraffin-embedded blocks were reserved for neuropathological evaluation, whereas the alternate blocks were employed for the stereologic analyses. Every other block in the series was then cut on a Vibratome at 50 m and processed for immunostaining. Thus, 4 to 6 sections for each neuronal marker of interest could be analyzed to sample exhaustively the region considered (44) . Sections were kept in strict anatomical order in storage buffer and any gap in the series was noted. Special care was made to lose a minimal amount of tissue at the interface between blocks. Braak and Braak stages were determined on 7-m-thick serial sections from paraffin-embedded blocks stained with modified Bielschowsky and Gallyas methods. Five ϫ20 objective fields from these sections were sampled. In addition to the intervening blocks from the stereologic hippocampal series, sections from the superior frontal, mid temporal, inferior parietal, and occipital neocortex, as well as from thalamus, basal ganglia cerebellum, and brainstem were available. Materials for stereology were stained using AD2, a monoclonal antibody that recognizes hyperphosphorylated tau proteins at phoshorylation site Ser396-Ser404 and visualizes NFTs, neuropil threads, and neuritic plaques (45, 46) . Antibody AD2 was used at a working dilution of 1:2,000 overnight at 4ЊC, specific labeling was revealed with a biotinylated goat anti-mouse antibody (1:500; Vector Laboratories, Burlingame, CA), and 3,3Ј-diaminobenzidine as a chromogen. The sections were then counterstained with cresyl violet for stereologic determination of total profile numbers. We followed the criteria of Insausti et al for establishing the anatomical boundaries of the entorhinal cortex and hippocampal subregions (47) . Our analysis included the entire extent of the entorhinal region. It could be easily differentiated from the piriform and periamygdaloid cortices rostrally and dorsally, and from the perirhinal cortex laterally and caudally. It was however beyond the scope of the present study to perform a separate stereologic analysis of each entorhinal subfield (Fig. 1) .
Quantitative analyses were performed on a computer-assisted image analysis system consisting of a Zeiss Axiophot photomicroscope equipped with a Zeiss MSP65 computer-controlled motorized stage, a Zeiss ZVS-47E video camera, a Macintosh G3 microcomputer, and NeuroZoom, a custom designed morphology and stereology software (43, 44, 48) . For stereologic analyses, the optical fractionator method was used to estimate total numbers of neurons and total numbers of NFTs (tNFT), iNFTs, and eNFTs. Each Nissl-counterstained, immunolabeled section was first viewed at low magnification (ϫ10) for outlining layer II of the entorhinal cortex or the pyramidal layer of the CA1 field onto a live computer image. These layers could be recognized unequivocally on the Nissl-counterstained sections. The resulting contours were selected. The NeuroZoom software placed disector frames using a systematic-random design within each contour outlining the cortical layers, to account for a predetermined fraction of the outlined area (Fig. 1) . This fraction was established in pilot studies of cases with variable severity and set to accommodate sufficient sampling of the neurons and NFTs. It was generally kept at 2%, but in cases with very low apparent NFT numbers the fraction had to be increased to as much as 20% for iNFTs. Due to their scarcity, the estimated total numbers of eNFTs in cases 2 and 3 were verified by counting all visible eNFTs in the sections used in the sampling scheme (resulting in a area sampling fraction of 100%). The neurons, iNFTs, and eNFTs that fell within these disector frames were then counted at high magnification using a 1.4 n.a. Zeiss Plan-Apochromat ϫ100 objective, and their total numbers were then estimated as previously described (49, 50) . The disector height was kept at 2 m and a depth of 10 m in each location was consistently explored. The area of the disector frame was kept at 900 m 2 throughout the study. On average, 150 to 600 profiles were counted in each case. From the estimated total numbers of labeled profiles, the proportions of iNFTs, eNFTs, and of unaffected ''Nissl only-stained'' neurons ( Fig. 1 ) were calculated and related to the clinical severity of the cases. These proportional estimates permitted us to calculate additional parameters from the raw data related to the dynamic of NFT formation and the persistence of transitional unaffected neurons among the different diagnostic groups.
The coefficient of error (CE) and coefficient of variance (CV) were calculated as previously described (50) (51) (52) . For each region, a simple regression analysis was performed to test for possible relationships between the number of profiles (or their relative proportions) and age. Correlations between total number estimates or proportions of profiles and CDR score, MMSE score, or Braak and Braak stage were calculated using a Spearman rank order correlation. Total number estimates and proportions were also compared among CDR groups using a oneway analysis of variance and an unpaired Student t-test. For all analyses the significance level was set at p Ͻ 0.05.
RESULTS
Qualitatively, NFTs were observed in all of the cases in layer II of the entorhinal cortex and in the CA1 field pyramidal layer. In nondemented cases they were rare, but somewhat greater densities were consistently present in CDR 0.5 cases, in agreement with previous observations (10, 37, 38) . Cases with CDR scores of 2 and higher all showed high densities of NFT formation in both regions ( Fig. 2) .
Stereologic estimates (Tables 2, 3) showed clear relationships between the total numbers of NFTs (tNFT, (47) , are shown for orientation, and the medial-lateral and ventral-dorsal axes are indicated (stereologic counts were however conducted in the entorhinal cortex layer II as a whole). A similar sampling approach was used for the CA1 pyramidal layer.
defined as iNFTs plus eNFTs) in both regions and the severity and extent of the disease as assessed by the Braak and Braak neuropathologic scale and by CDR and MMSE scores. These parameters also showed an inverse relationship with the total number of Nisslstained neurons (Tables 2, 3 ). Based on total numbers, there were strong correlations between the numbers of normal neurons, total numbers of NFTs, as well as iNFTs and eNFTs with the neuropathologic and clinical evaluation of the cases in both the entorhinal cortex and the CA1 field. In the entorhinal cortex, the total numbers of Nissl only-stained neurons, iNFTs, eNFTs, and tNFTs were all correlated with the CDR scores (p Ͻ 0.001 for all parameters). The correlations with the MMSE scores were equally strong except for iNFTs (p Ͻ 0.002), but were much weaker for the Braak and Braak stages (p Ͻ 0.02, except for the Nissl onlystained neurons with p Ͻ 0.08). The same relationships were observed in the CA1 for CDR and MMSE scores, and the Braak and Braak stage showed stronger correlations compared to the entorhinal cortex (p Ͻ 0.009 for Nissl only-stained neurons, and p Ͻ 0.006 for the 3 other parameters). It is also interesting to note that based on raw counts in both regions, when iNFTs and eNFTs are considered separately, the numbers of iNFTs increased sharply in CDR 0.5 and CDR 2 cases, but remained relatively stable thereafter. In contrast, the numbers of eNFTs increased in parallel with disease severity (Tables 2, 3; Fig. 3 ). This suggests that NFTs are formed at a relatively constant rate in these regions and that the increase in the numbers of eNFTs only reflects the transformation of iNFTs into ghost tangles. There were statistically significant differences in the numbers of Nissl only-stained neurons, tNFTs, iNFTs, and eNFTs among CDR 0-0.5, CDR 2, and CDR 3-5 cases in both regions (Fig. 3) . The CDR 0 and CDR 0.5 cases showed the highest variability in raw estimates compared to CDR 2, 3, and 5 cases. The CDR 2 cases had 28% fewer Nissl only-stained neurons than CDR 0-0.5 cases (p Ͻ 0.01) and a further doubling of this loss was seen in the CDR 3-5 cases (56%, p Ͻ 0.001) in layer II of the entorhinal cortex. These values were 38% and 69%, respectively, in the CA1 pyramidal layer (p Ͻ 0.001; Fig. 3 ). The tNFTs were 4-fold higher in CDR 2 and 7-fold higher in CDR 3-5 cases compared to CDR 0-0.5 cases (p Ͻ 0.001). The numbers of iNFTs were fairly stable after CDR 2 with a 3-fold increase (p Ͻ 0.001), and the eNFTs exhibited a comparatively massive increase (up to nearly 50-fold in the CDR 3-5 group) in the entorhinal cortex (p Ͻ 0.001; Fig. 3 ). In the CA1 field, the tNFTs were 5-fold higher in CDR 2 and 9-fold higher in CDR 3-5 cases compared to CDR 0.5 cases (p Ͻ 0.001), the numbers of iNFTs showed a 4-fold increase in CDR 2 and a 6-fold increase in CDR 3-5 cases (p Ͻ 0.001), and the eNFTs were characterized by an approximately 60-fold increase in the CDR 3-5 group compared to the CDR 0.5 cases (p Ͻ 0.001; Fig. 3) . Interestingly, the entorhinal cortex had more eNFTs in the late stages of AD (CDR 3-5 group) relative to iNFTs compared to the CA1 field. The ratio of iNFT to eNFT numbers was 0.59 in entorhinal cortex and 1.32 in CA1, signaling a differential rate of NFT turnover in these 2 regions. Similarly, this ratio was 1.81 in entorhinal cortex and 3.81 in the CA1 in CDR 2 cases. Such differences reflect the increased vulnerability of NFT formation in entorhinal cortex compared to the CA1. 
The table shows the raw stereologic data (ϫ10 Ϫ3 ) and the proportion of Nissl only-stained neurons, iNFTs, eNFTs, total (tNFTs), and persisting neurons. Persisting neurons were defined as those neurons stained solely by the Nissl stain and those that contained an iNFT (or all profiles excluding eNFTs). These data reveal the existence of a large population of neurons based on this definition until relatively advanced AD stages. Total profile is an estimate of the original population of neurons in the considered layer, inferred from the total numbers of Nissl only-stained neurons, iNFTs and eNFTs. Note that this number is stable independently of the severity of the cases, whereas the Nissl only neuron numbers and proportions (Nissl only, %Nissl) decrease with severity. NFT numbers and proportions increase with severity, whereas they are more stable after CDR 2 in the case of iNFTs. This is clearly visible from total counts (total iNFTs, total eNFTs) and from proportions calculated from the total profile numbers (%iNFTs, %eNFTs) or from the total NFT counts (%iNFTs[tNFTs]; %eNFTs[tNFTs];). %iNFTs(Nissl) represents the proportion of iNFTs calculated from the total number of neurons showing Nissl stain (i.e. persisting neurons affected by NFT formation). This proportion increases in parallel to that of iNFTs. Cases are grouped by CDR scores. See Table 1 for details on cases.
These data also indicate that separating the total counts of NFTs into these categories provides additional information about NFT formation and neuronal turnover in these regions. Such information about the dynamics of NFT formation has been usually ignored in studies assessing the total number of neurons and tNFTs. Furthermore, these fractional assessments of unaffected (Nissl only-stained), iNFT, and eNFT numbers produced an estimate of the original total number of neurons by simple summation of these 3 parameters. This calculation revealed the degree of variation of total neuron number among cases independent of disease severity, cell loss, or cognitive status. In fact, the present data demonstrate a fairly consistent number of neurons in these 2 regions and a low variability among cases (Table 1 ; 779,000 Ϯ 75,000 neurons in layer II of entorhinal cortex [mean Ϯ SD, CV ϭ 0.10], and 5,683,000 Ϯ 621,200 pyramidal cells in the CA1 field [CV ϭ 0.11], across all cases; these estimates do fall well within the range of previous stereologic assessments of the total number of cells in these regions from healthy nondemented elderly individuals [10, 16, 17, 37, 38, 53] ). The CE of these estimates was generally low, ranging between 0.04 and 0.06 for most parameters. It must be kept in mind, however, that these estimates were based on low to very low densities of NFTs in CDR 0 and 0.5 cases that rendered the stereologic sampling procedure less efficient as well as less accurate. Even when increasing the sampling fraction (see Materials and Methods), the CE of these estimates remained high (CE ϭ 0.12-0.16 for iNFTs and 0.17-0.27 for eNFTs). Thus, sampling the entire area of interest in each section in the series in cases 2 and 3 yielded comparable total numbers of eNFTs as a less time-consuming fraction of 20%, resulting in a relatively minor gain in precision of the estimates.
To exploit these data further, we computed a series of proportions from the raw estimates in each case. Thus, we calculated from the estimates of total profile numbers (i.e. the sum of Nissl only-stained neurons, iNFTs, and eNFTs) the proportion of neurons that remained normal and those of tNFTs, iNFTs, and eNFTs (Tables 2, 3) . Similarly, the proportions of iNFTs and eNFTs were calculated from the total numbers of NFTs, as well as the proportion of Nissl-stained neurons that contained an iNFT. Finally, an estimate of the population of still viable profiles was defined as the percentage of Nissl onlystained neurons and those containing an iNFT (i.e. a transitional form), from the total number of profiles. The The table shows the raw stereologic data (ϫ10 Ϫ4 , note difference in exposant from Table 2 ) and the proportion of Nissl onlystained neurons, iNFTs, eNFTs, total (tNFTs), and persisting neurons. Proportions were calculated as indicated in Table 2 . The CA1 also shows a potential neuronal reserve until CDR 2-3. As in the case of layer II of the entorhinal cortex, total profile numbers are very stable, independent of the severity of the cases, whereas the Nissl only-stained neuron numbers and proportions decrease with severity. eNFT numbers and proportions increase with severity, but iNFTs tend to be more stable after CDR 2. The CA1 field of case 7 was not available for stereologic analyses as it was damaged during processing, preventing adequate sampling. Cases are grouped by CDR scores. See Table 1 for details on cases.
resulting percentages were used in correlation analyses with the CDR and MMSE scores and the Braak and Braak stages (Figs. 4, 5) . These analyses reflecting the data obtained from raw counts as relative values yielded additional information about neuronal loss, the balance between different types of NFTs during the dementing process, and demonstrated that many neurons, even though affected by NFT formation, persist until the late stages of AD. They confirmed the stable rate of formation of iNFTs in cases with a CDR score of 2 and higher, an effect that was slightly more marked in the layer II of the entorhinal cortex than in the CA1 pyramidal layer (Figs. 3-5) . Importantly, this plateau was more visible if the proportion of iNFTs was calculated from the total number of profiles: the proportion of Nissl-stained neurons containing an NFT showed a steeper and statistically more robust increase with disease severity (p Ͻ 0.001 in both regions for CDR and MMSE scores; Tables 2, 3 ). This correlation with the CDR and MMSE scores is not surprising considering the progressive decrease in Nissl only-stained neurons (Tables 2, 3 ). It was paralleled by a progressive decrease in the proportion of viable neurons ( Fig. 6 ; p Ͻ 0.001 in both entorhinal cortex and CA1), and by the proportion of iNFTs calculated from the tNFTs (p Ͻ 0.001 in both entorhinal cortex and CA1). Strong correlations between all of these parameters and the MMSE scores were also observed, whereas the relationships with the Braak and Braak stages were not as strong in the CA1 and were markedly weaker in the entorhinal cortex (Figs. 4, 5 ; p Ͻ 0.02 for all measures). These data support previous nonstereologic observations on the reliability of this staging system in quantitative studies (54) . No correlations were observed with the age of the cases, except for the proportion of Nissl only-stained neurons in the CA1 field, for which a statistically significant correlation occurred that was due to the much lower counts in the severe AD cases (Fig. 5 ). This observation is in agreement with other stereologic studies (12, 14, 16, 17, 53) .
This approach also revealed additional subtle differences between the 2 regions. Thus, the proportion of iNFTs from the total number of Nissl-stained neurons increased sharply only at the terminal stages of the disease in the entorhinal cortex (Table 2 ; Fig. 6 ), whereas this effect was more progressive in the CA1 pyramidal neurons. Also, the presence of eNFTs was more marked in CDR 0.5 cases in the entorhinal cortex than in the CA1 field (Tables 2, 3 ). Finally, it is interesting to note that when the proportion of neurons that contain an iNFT plus those that appear normal with the Nissl stain was estimated, a remarkably large number of persisting neurons was revealed even in fairly advanced stages of the disease. It is only in cases with CDR scores higher than 3 that the majority of neurons bearing an NFT had turned into ghost tangles (Tables 2, 3; Figs. 3, 6 ). Even though it is not possible in the present materials to assess precisely how severely affected and metabolically dysfunctional, as previously suggested (55), a neuron containing an iNFT in its perikaryon may be, our findings indicate that up to 77% of neurons persist according to these criteria in some cases with CDR 3 score and comparably low MMSE score. Such cases offer a novel and different appreciation of the progression of NFT formation than can be retrieved from global NFT counts. It also points to the importance of distinguishing between iNFTs and eNFTs in quantitative analyses of AD neuropathology.
DISCUSSION
The present data demonstrate the differential rate of progression of neurofibrillary pathology in layer II of the entorhinal cortex and CA1 field in brains obtained from aged patients with intact cognitive function and patients with varying degrees of cognitive impairment. Most importantly, this study reveals that a considerable proportion (73%-77%) of neurons affected by neurofibrillary degeneration may preserve some function even at stages where dementia is clinically overt, an observation that had not been made in previous studies of neurons and NFTs. Also, results from both regions show a significant loss of neurons once the dementing process is evident in cases with a CDR score of 2 and higher. If compared to CDR 0 cases, CDR 0.5 cases display a marginal level of neuronal loss that remains insignificant due to the interindividual variability and the fact that these estimates are based on small numbers of cases. Estimates from total number of profiles show that this neuronal loss reaches 8.1% for Nissl only-stained neurons in the entorhinal cortex (p Ͻ 0.05), whereas the CA1 field shows no such difference. Interestingly, previous stereologic studies have reported an age-associated loss of neurons in the hippocampal formation. However, the observed loss was limited to specific sectors of the hippocampus and the affected regions differed among studies revealing case series-specific effects. This is particularly clear from the original study by West and Gundersen (12) that included much younger cases than are usually available in neuropathologic studies. That analysis of 5 cases showed age-related neuronal loss in the CA1, whereas later analyses from the same authors on larger samples revealed age-related loss only in the hilus of the dentate gyrus and the subiculum (13, 14) . Moreover, neuronal loss in the CA1 is encountered only when demented cases are included in the regressions (14, 16) . Similar to recent findings (10, 11, 17, (36) (37) (38) 53) , no correlations with age of the cases were observed in the present study based on a series of elderly people.
The dementia severity-related loss of neurons observed in this study is paralleled by a progressive increase in NFT formation (as measured by iNFT estimates) in CDR 0.5 and CDR 2 cases, and a slightly delayed increase in the numbers and proportions of eNFTs. High eNFT levels are seen only from CDR 3 scores in both regions. In contrast, the total numbers of all NFTs, including iNFTs and eNFTs, show a quasi-linear relationship with dementia severity. Thus, the data are informative about the dynamics of NFT formation in a rigorously quantitative manner. By computing proportion of pathologic profiles in reference to the total numbers of profiles, the present study revealed the unsuspected existence of a large number of persisting neurons until reasonably advanced clinical stages (i.e. CDR 3). Additionally, while showing strong correlations with measures of cognitive impairment, our cellular data showed a much weaker relationship with the Braak and Braak nonquantitative staging system (42). This is not surprising considering that this staging scale is not based on a strict systematic sampling of whole regions and therefore is prone to considerable sample bias. Although it proves to be of limited value in the context of with stereologic estimates, it remains an important and informative diagnostic tool (54). The results also reveal differences in NFT formation rate between the 2 regions: when calculated from the total number of NFTs, the proportion of eNFTs matches that of iNFTs in CDR 3 cases in the entorhinal cortex, whereas this does not occur prior to endstage dementia in the CA1. This difference in the balance between eNFTs and iNFTs offers a quantitative correlate to the notion that the entorhinal cortex is more severely affected and involved earlier in the degenerative process than other neocortical and hippocampal regions which show a lag in NFT formation (9, (26) (27) (28) . It also supports the concept of a neuropathologic staging of AD (42) . However, it is important to realize that separating the quantification into NFT and Nissl categories generated realistic estimates of the total original number of neurons in all of the cases, independent of cognitive or neuropathologic measures. This parameter was found to be highly consistent across the cases.
Most previous stereologic assessments have not addressed the issue of discrete categories of NFTs and have generally reported neuronal loss in parallel with total NFT counts. For example, recent stereologic estimates using different approaches to define diagnostic groups, as well as variable sampling and counting strategies (10, 11, 37, 38) , have all reported a strikingly high neuronal loss in layer II of the entorhinal cortex even in cases with mild cognitive impairment. There are several reasons for such discrepancy between these data and the present estimates. Whereas most studies report estimates of total neuronal numbers in control cases that generally agree with each other, it remains that even if anatomical criteria are carefully followed, such as those by Insausti et al for the entorhinal cortex and hippocampal formation (47) Correlations between the CDR scores, MMSE scores, Braak and Braak neuropathologic stages, and age at death with the proportions of Nissl only-stained neurons, iNFTs, eNFTs, and total NFTs calculated from the total numbers of profiles in the pyramidal cell layer of the CA1 field. As for the entorhinal cortex, there are strong correlations between these parameters and clinical measures of the severity of AD. Interestingly, more robust correlations were observed in the CA1 with the Braak and Braak stage, suggesting the presence of region-specific effects influencing this scaling system of neuropathologic severity. A modest correlation with age, mostly due to the AD cases, was observed in the case of Nissl only-stained neurons, in agreement with previous data (14, 16) .
of the entorhinal cortex were partly ignored, in which the layer II clusters of entorhinodendate neurons can appear less well defined that at rostral and intermediate levels, considerably different estimates of the total number of lesions or neurons may be obtained because different subfields are likely to show differential vulnerability in AD. This issue could be resolved only by a careful subregional analysis of the entorhinal cortex. Moreover, most studies, like the present one, are based on relatively small numbers of cases, increasing possible adverse effects of interindividual variability. Such quantitative studies ought to be pursued in larger series, even given the difficulty and time-consuming process of stereology. Finally, the studies mentioned above (10, 37, 38) all used a different counting strategy, namely a method combining an estimate of density obtained with an optical disector and an estimate of the volume of reference obtained by point counting. This approach has been shown to be less robust and more prone to error than the optical fractionator (36, 51, 52) . These studies were also based in most instances on a smaller number of sampled profiles and employ a different approach for estimating the experimental error than the present one (52) .
A recent rigorous stereologic study, however, described the relative proportions of iNFTs and eNFTs in the CA1 field in a group of 10 severe AD cases in comparison to a group of 10 nondemented control cases (36) . These authors used a similar approach to the one described in the present report and found that overall, the loss of neurons that can be accounted for by NFT formation represents a rather small fraction (on average 8.1%) of the total loss of neurons that occurs in this region (on the order of 60%; [36] ). These results seem to contradict the present data. In our series we do find a considerable amount of neuronal loss in the severe AD cases if one considers the total numbers of Nissl only-stained neurons (56%). The difference between the 2 studies arises from the parameters used in the calculation of the original numbers of neurons in demented cases. Kril et al used the mean numbers of Nissl-stained neurons in the CA1 as a representative value of the original numbers in a population of cases and calculated the degree of loss as a percentage of this average (36) . In the present study, we assessed all of our proportions based on the number of neurons that can be inferred from the recovered counts of Nissl onlystained neurons and the numbers of iNFTs and eNFTs, in each case separately, which provides a different measure of neuronal pathology as well as an estimate of what the original total number of neurons could have been in a case-by-case manner. It is important to mention that the Kril et al study has the advantage of a larger number of control cases than the present one, but reports data from only 1 generic group of apparently endstage AD patients without linking the numbers to any dementia stage (36) . Such differences in design may have influenced the outcome of the studies. Of note, other quantitative studies, albeit nonstereologic, have found a strong relationship between NFT counts and neuron loss in the same regions (56) (57) (58) .
We also took into consideration that there may not be a perfectly linear correlation between the numbers of Nissl only-stained neurons and those of eNFTs, as shown by the study of Kril et al who find a factor of 3.8 neurons lost for every eNFT (36) . Based on our individual data we find that close to 2 neurons are lost per eNFT in the CA1, a less dramatic result that indicates nonetheless that a number of neurons are indeed lost without undergoing NFT formation. In the entorhinal cortex however, a nearly linear relationship was observed, suggesting that differences among cortical areas, and likely cortical layers, exist in the rate of, and numbers of neurons prone to, NFT formation. Another way to look at these data is to consider the evolution of the ratio of eNFTs to potentially viable neurons (i.e. iNFTs plus Nissl only-stained neurons). In CDR 2 cases this ratio is still very low, on average 0.1 in the CA1 field and the entorhinal cortex and increases to 0.3 and 0.4, respectively, in CDR 3 cases, and 0.9 to 1.5, respectively, in CDR 5 cases. This indicates that the production of eNFTs is a rather slow process that is truly important only in late stages of the disease and that iNFTs may be far more relevant to the etiopathogenesis of AD. Interestingly, it has been suggested that iNFTs may survive for as much as 2 decades (59).
It is unclear what mechanisms are involved in the neuronal loss that is not linked to NFT formation, but it is possible that apoptosis, oxidative stress, and excitotoxic mechanisms play an important part in inducing early neuronal death that may predate NFT formation in some regions (36) . At least based on our recent volumetric data on amyloid deposition in the same case series, it is unlikely that amyloid plays a major role in triggering neuronal loss in the 2 regions considered here (43) . In spite of these methodological differences and some discrepancy in reported data, all of the available studies demonstrate the crucial importance of adequate sampling and rigorous analytical tools in quantitative neuropathology. Future approaches should address the issue of using more uniform protocols for population selection, tissue preparation, and stereologic sampling, as well as the fact that larger series are needed to circumvent confounding factors such as case-to-case variability and discrepancies among estimates of the same parameters (44) .
In conclusion, the distinction of profiles of interest presented in this analysis suggests that when total numbers of profiles are considered as a reflection of the original population of neurons independently of disease severity, the proportion of iNFTs remains somewhat stable from a CDR 2 score on. This indicates that the proportion of iNFTs becoming ghost tangles is replaced at a constant rate by newly formed iNFTs, while the number of eNFTs keeps increasing. Whereas this effect was more prominent in the entorhinal cortex, it points to the fact that even if regional differences in NFT formation rate exist, CDR 2 may represent a crucial stage in the evolution of the disease and that severity of pathological alterations must be assessed using adequate indices that offer enhanced precision. More importantly, based on Nissl and AD2 labeling, our calculations reveal that a considerable proportion of neurons appear to remain normal or are in transition towards forming an NFT until a given individual reaches a CDR score of at least 3, as mentioned above. This observation is relevant because it suggests an extended window for therapeutic intervention if such a proportion of the total neuronal population were to persist until late in the development of AD. It is obviously not possible to assess the degree of effective viability of these cells from the present study, although these neurons are certainly undergoing intracellular trafficking alterations and show signs of abnormal metabolism (55) . Nonetheless, our results suggest that the pattern of NFT formation at the single cell level may be less dramatic than what can be inferred from global counts of NFTs. It will be necessary to investigate in further detail how NFT formation affects intrinsic aspects of the neuronal morphology and impairs cellular function in postmortem human materials or in animal models of AD with a regional and laminar level of resolution and in the context of specific cortical connections (9) . In particular, stage-specific patterns of tau phosphorylation (60) (61) (62) (63) (64) coupled to the analysis of the intracellular distribution of pathologic tau proteins are likely to yield important data on the relative viability and potential for preserved function of the affected neurons. It will also be informative to pursue these questions in the neocortex in view of the fact that association neocortex involvement has been shown to represent a reliable correlate of the overt stages of the dementing process (9, 26-29, 35, 42, 65) . Such quantitative neuropathologic analyses will be crucial to reveal the distinctions between the neurobiological substrates of relatively benign functional decline and the early stages of progression to dementia and may define new options for therapeutic interventions against neuronal death in AD.
